Hyperactivation of the amygdala following chronic stress is believed to be one of the primary mechanisms underlying the increased propensity for anxiety-like behaviors and pathological states; however, the mechanisms by which chronic stress modulates amygdalar function are not well characterized. The aim of the current study was to determine the extent to which the endocannabinoid (eCB) system, which is known to regulate emotional behavior and neuroplasticity, contributes to changes in amygdalar structure and function following chronic stress. To examine the hypothesis, we have exposed C57/Bl6 mice to chronic restraint stress, which results in an increase in fatty acid amide hydrolase (FAAH) activity and a reduction in the concentration of the eCB N-arachidonylethanolamine (AEA) within the amygdala. Chronic restraint stress also increased dendritic arborization, complexity and spine density of pyramidal neurons in the basolateral nucleus of the amygdala (BLA) and increased anxiety-like behavior in wild-type mice. All of the stress-induced changes in amygdalar structure and function were absent in mice deficient in FAAH. Further, the anti-anxiety effect of FAAH deletion was recapitulated in rats treated orally with a novel pharmacological inhibitor of FAAH, JNJ5003 (50 mg per kg per day), during exposure to chronic stress. These studies suggest that FAAH is required for chronic stress to induce hyperactivity and structural remodeling of the amygdala. Collectively, these studies indicate that FAAH-mediated decreases in AEA occur following chronic stress and that this loss of AEA signaling is functionally relevant to the effects of chronic stress. These data support the hypothesis that inhibition of FAAH has therapeutic potential in the treatment of anxiety disorders, possibly by maintaining normal amygdalar function in the face of chronic stress.
INTRODUCTION
The amygdala is a central node within the corticolimbic circuitry involved in the processing of external sensory information from the environment and establishing emotional valence to these stimuli. 1, 2 The basolateral nucleus of the amygdala (BLA) acts as the primary interface for this processing, being the recipient of inputs from both thalamocortical sensory centers as well as from higher order centers, such as the medial prefrontal cortex. 1, 3, 4 If external stimuli are interpreted as negative or aversive, the BLA activates efferent pathways to neighboring amygdalar nuclei (central and medial nuclei of the amygdala) and local limbic circuits (primarily the bed nucleus of the stria terminalis) to initiate a stress response. The stress response includes a cluster of behavioral, physiological and endocrine responses classically typified as heightened anxiety and vigilance as well as increased sympathetic tone and glucocorticoid secretion. 1, 3, 5, 6 Therefore, the sensitivity of the pyramidal neurons within the BLA (which are the primary output neurons of this structure) to neuronal activation is an important determinant of the emotional state of an organism. 5, 7, 8 Pharmacological studies have revealed that suppression of excitation within the BLA reduces anxiety and is a primary mechanism of action of classical anxiolytics, such as benzodiazepines. 9--12 In accord with these data, facilitation of excitation within the BLA can produce a state of hypervigilance and anxiety, even in the absence of an impending threat. 13--15 In addition, imaging studies of clinical populations have demonstrated that hyperactivity of the amygdala is a hallmark of an array of mood and anxiety disorders, and normalization of activity is a marker of disease remission. 1, 16, 17 Chronic exposure to stress contributes to the development of mood and anxiety disorders. 18 Preclinical studies have demonstrated that chronic stress can alter amygdalar function; in particular, chronic stress increases the intrinsic excitability, sensitivity to afferent stimulation and activation of pyramidal neurons within the BLA. 8,19--21 The mechanism of this sensitization is likely mediated by structural remodeling of these neurons as chronic stress exposure increases dendritic arborization, induces the formation of new spines and facilitates the formation of excitatory inputs along pyramidal neurons in the BLA, which together will increase amygdalar sensitivity to sensory inputs. 22--26 The mechanisms underlying the effects of stress to change synaptic morphology within the BLA are not well characterized, but are thought to be triggered by the repeated activation of excitatory inputs into the BLA which, in a feed forward process, shifts the balance of excitation and inhibition within the BLA to increased excitation. 22, 26 This sensitization of the BLA to excitation is believed to be a primary mechanism underlying the shift from normal vigilance to a state of hypervigilance and anxiety following chronic stress. 5, 7, 27 Specifically, any genetic, experiential or hormonal manipulation that increases anxiety-like behaviors correspondingly increases dendritic branching or spine density within pyramidal neurons of the BLA, 24,26,28--30 suggesting that strengthening the structural basis of synaptic connectivity in the BLA contributes to the development of an anxious state.
The endocannabinoid (eCB) system is a highly plastic, neuromodulatory system in which post-synaptically derived ligands (N-arachidonylethanolamine (anandamide; AEA) and 2-arachidonoylglycerol (2-AG)) suppress presynaptic transmitter release through the activation of cannabinoid CB 1 receptors, which are localized to axon terminals of both glutamatergic and GABAergic fibers. 31 The eCB system within the BLA, 32 particularly AEA and the activity of its primary metabolic enzyme fatty acid amide hydrolase (FAAH), is known to be modulated by stress 33--37 and has been found to contribute to several forms of synaptic plasticity subserving the regulation of emotional behavior. 38--44 However, the role of the FAAH activity in regulating changes in the amygdalar structure and function following chronic stress has yet to be characterized. Accordingly, the current study was designed to determine whether modulation of amygdalar FAAH activity following chronic stress contributes to the structural remodeling of pyramidal neurons in the BLA and the subsequent shifts in anxiety-like behavior.
METHODS Subjects
For studies examining the effects of chronic stress on the eCB system, male C57/Bl6 mice (obtained from Charles River, Wilmington, MA, USA), 3 months of age and housed in cages of five mice per cage, were used. To examine the effects of the role of FAAH in chronic stress, wild-type and FAAH-deficient (FAAH À/À ) mice, 3--5 months of age and housed in cages of 3--5 mice per cage, were used. These mice were bred on a C57/Bl6 background (more than eight backcrosses) and were descendants of a previously characterized line. 45 FAAH À/À mice and wild-type controls were obtained from heterozygous breeding pairs. Genotypes were determined by PCR using DNA isolated from ear tissue obtained at weaning. For all studies, mice were maintained on a 12-h light:dark cycle with lights on at 0900 h. Food and water were available ad libitum. For the pharmacological arm of this study, 70-day male Sprague-Dawley rats were used. Rats were singly housed for the duration of the study and all environmental conditions were identical to those of the mice. All procedures carried out with mice were approved by the Institutional Animal Use and Care Committees of the Rockefeller University and the Medical College of Wisconsin.
Biochemical studies
For biochemical analysis of the effects of chronic stress on eCB biochemistry, wild-type C57/Bl6 mice were divided into two conditions, stress and non-stress. Mice in the stress condition were subjected to 6 h of restraint stress per day for 21 days. Restraint stress took place each day between 1000 and 1600 h. Mice were placed into wire mesh restrainers (5 00 Â 4.5 00 ), which were sealed with binder clips, and the restrainers were placed in the home cage for the duration of the stressor. Non-stressed mice were left undisturbed for the duration of the experiment, except for cage changing, which occurred twice weekly. For tissue collection, mice were killed 24 h following the final stressor (or a comparable point in the circadian cycle for non-stressed mice) and the amygdalae were dissected and frozen on dry ice within 5 min of decapitation. The amygdala was dissected bilaterally along the barriers of the external capsule, thus it was primarily composed of the lateral and basolateral amygdala. Two cohorts of animals were generated for biochemical analysis. One cohort (n ¼ 9--10) was used to determine brain regional eCB contents. Another cohort (n ¼ 4) was used to generate membrane fractions, which were used for CB 1 receptor radioligand binding and FAAH activity.
Membrane preparation
Membranes were collected from isolated brain regions by homogenization of frozen tissue in 10 volumes of TME buffer (50 mM Tris HCl, pH 7.4; 1 mM EDTA and 3 mM MgCl 2 ). Homogenates were centrifuged at 18 000 Â g for 20 min and the resulting pellet, which contains a crude membrane fraction, was resuspended in 10 volumes of TME buffer. Protein concentrations were determined by the Bradford method (Bio-Rad, Hercules, CA, USA). CB 1 receptor radioligand-binding assay CB 1 receptor agonist binding parameters were determined using radioligand binding using a Multiscreen Filtration System with Durapore 1.2-mM filters (Millipore, Bedford, MA, USA). Incubations (total volume ¼ 0.2 ml) were carried out using TME buffer containing 1 mg ml À1 bovine serum albumin. Membranes (10 mg protein per incubate) were added to the wells containing 0. 47 Membranes were incubated in a final volume of 0.5 ml of TME buffer (50 mM Tris-HCl, 3.0 mM MgCl 2 and 1.0 mM EDTA, pH 7.4) containing 1.0 mg ml À1 fatty acid-free bovine serum albumin and 0.2 nM [ 3 H]AEA. Isotherms were constructed using eight concentrations of AEA between 10 nM and 10 mM. Incubations were carried out at 37 1C and were stopped with the addition of 2 ml of chloroform/methanol (1:2). After standing at ambient temperature for 30 min, 0.67 ml of chloroform and 0.6 ml of water were added. Aqueous and organic phases were separated by centrifugation at 1000 r.p.m. for 10 min. Tissue was homogenized with a glass rod and sonicated for 30 min. Samples were incubated overnight at À20 1C to precipitate proteins, then centrifuged at 1500 Â g to remove particulates. The supernatants were removed to a new glass tube and evaporated to dryness under N 2 gas. The samples were resuspended in 300 ml of methanol to recapture any lipids adhering to the glass tube, and dried again under N 2 gas. Final lipid extracts were suspended in 20 ml of methanol, and stored at À80 1C until analysis. The contents of the two primary eCBs AEA and 2-AG within lipid extracts in methanol from brain tissue were determined using isotope-dilution, liquid chromatography--mass spectrometry as described previously. 48 Chronic stress in FAAH À/À mice
To examine the effects of chronic stress in FAAH-deficient mice, both wildtype (n ¼ 10) and FAAH À/À mice (n ¼ 10) were divided into two conditions, non-stress or stress. The chronic stress procedure was identical to that described above.
Behavioral testing
Twenty-four hours following the final stressor, all subjects were examined for anxiety-like behavior using the elevated plus maze. Testing occurred within the colony room, so no habituation to the testing room was required. A second cohort of FAAH À/À mice was exposed to chronic stress after which they were tested in an open field arena for motor behavior. The open field arena (38.1 Â 43.2 cm) was constructed from an opaque PVC lined with a beige interior. All testing occurred under the dim-light conditions. Each animal was placed in the central quadrant of the open field chamber and tracked for 5 min. Tracking and scoring were performed using Ethovision Software (Ethovision v8, Noldus). One hour after testing in the open field arena, these mice were euthanized, brains were removed and amygdala dissected, as described above. Amygdalar AEA contents were determined, to establish the role of FAAH in the effects of stress on amygdalar AEA contents, using the extraction and quantification methods described above.
Morphological analysis
Immediately following testing in the elevated plus maze, mice were rapidly decapitated. Brains were quickly removed, washed in distilled water and were processed for staining of individual neurons following the manufacturer's instructions for the Rapid Golgi Kit (FD Neurotech, Ellicot City, MD, USA). Golgi-stained tissue containing the BLA was sliced (120 mm), mounted with coverslip and used for morphological analysis of dendritic arborization and spine-density. Neurons were reconstructed in three dimensions using a Nikon Eclipse microscope (40 Â ) and the Neurolucida software package (MicroBrightField, Williston, VT, USA).
For morphological analysis of the dendritic tree, 5--6 neurons were reconstructed per animal by a trained experimenter blind to the conditions. Pyramidal neurons within the BLA were examined for dendritic architecture as this class of neurons has been repeatedly characterized as those which exhibit remodeling in response to chronic stress. 22--24,49,50 Pyramidal neurons within this region were identified based on previously established criteria, 22, 50, 51 which requires the presence of a single, clearly defined apical dendrite and at least two intact basilar dendrites extending from the base of the cell body. Further, as previous studies have identified that it is the spiny pyramidal neurons in the BLA that exhibit architectural changes in response to stress, 22--24,49,50 our analysis was restricted to the spiny pyramidal-like neurons. Neurons within the BLA used for analysis were chosen from slices, which were between À1.0 to 2.0 mm posterior to bregma, and the boundaries of the BLA were clearly defined within Golgiimpregnated material by the fiber tracts from the external capsule, which defined the dorsal, medial and lateral boundaries of the BLA. For analysis, cells were chosen that met criteria described in earlier reports: (1) cell bodies within the mid section of the tissue to minimize dendritic truncation; (2) relative isolation of the cell body from neighboring impregnated neurons; (3) cell bodies existing within the defined boundaries of the BLA; and (4) the presence of an intact primary, secondary and tertiary dendrites (as evidenced by well-defined endings) at least 50 mm from the cell body. Based on the analysis performed in previous studies, we analyzed all dendritic material in both the apical and basilar trees collapsed together as one variable. As such, neurons required the presence of at least two, and no more than five, basilar dendritic trees to be quantified and each animal was balanced so that an equal number of basilar dendritic trees was represented across the six neurons quantified for each animal. For analysis, the total dendritic length and the total number of branch points along the dendritic tree were quantified in a total of 28--30 neurons per experimental condition.
Analysis of dendritic spine density
Using the NeuroLucida system (100 Â , 1.3 numerical aperture, Olympus BX61), all protrusions, irrespective of their morphological characteristics, were counted as spines if they were in direct continuity with the dendritic shaft. For the purpose of this study, an apical dendrite originating directly from the cell soma were classified as the primary apical dendritic shaft, and those originating from this dendrite were classified as secondary dendrites. Further, secondary dendrites originating within 30--40 mm of the cell soma were chosen and only one such dendrite per neuron was used for spinedensity analysis. As described earlier, 24, 26, 30 starting from the origin of the branch, and continuing away from the cell soma, spines were counted along an 100-mm stretch of the dendrite. This total length of 100 mm was further subjected to a detailed segmental analysis, which consisted of counting the number of spines in successive steps of 20 mm each, for a total of five steps. The values for number of spines from each 20 mm segment, at a given distance from the origin of the branch, were then averaged across all neurons in a particular experimental group. For spinedensity analysis, spines along 30 dendritic branches per experimental condition were quantified. Our analysis, like all those involving Golgi staining, is likely to lead to a systematic underestimation of spine density because it is not possible to visualize spines pointing directly toward the surface or extending beneath the dendrite. 52--54 No correction was made for these hidden spines because of previously reported validation of the use of visible spine counts for comparison between different experimental conditions. 55 
Pharmacological inhibition of FAAH and chronic stress-induced anxiety
We examined the effects of pharmacological inhibition of FAAH in adult rats subjected to chronic stress on anxiety-like behavior. Like mice, rats exposed to chronic stress (ranging from 9 to 21 days) have been found to exhibit reductions in AEA content within the amygdala. 36, 56 Rats were used for this arm of the study because we were using a non-invasive means of drug administration through incorporation into the chow that we have previously validated in rats (Hill et al., in preparation). This approach was taken because administration of the FAAH inhibitor via daily injections constitutes significant stress and can mask the effects of chronic stress on amygdala structure and function. 29 Similar to the experimental design for the FAAH À/À mice, rats were divided into two groups---one exposed to chronic stress (6 h day À1 of restraint stress for 21 days; n ¼ 16) and the other as cage controls (n ¼ 16). Each of these experimental groups was divided into those who had normal chow and those who had 50 mg kg À1 of the FAAH inhibitor JNJ-40355003 (JNJ-5003; see Supplementary information online for synthesis and characterization of compound) incorporated into their chow. The dose of JNJ-5003 was based on previous studies in our lab, demonstrating that this dose produced a sustained and complete inhibition of FAAH within the limbic forebrain and did not modulate daily eating patterns or body weight gain (Hill et al., in preparation).
Restraint stress was administered each day between 1000 and 1600 h. Rats were placed into wire mesh restrainers (8 00 Â 6.5 00 ) that were sealed with binder clips, and the restrainers were placed in the home cage for the duration of the stressor. Non-stressed rats were left undisturbed for the duration of the experiment, except for cage changing, which occurred twice weekly. Behavioral testing in the elevated plus maze was carried out 24 h following the final stressor. All behavioral testing occurred between 0830 and 1200 h. On the testing day, rats were habituated to the testing room for 30 min. Rats were placed in the center of the elevated plus maze and allowed to explore freely for 5 min. Movement, including distance traveled, time spent immobile, and time and distance in the open arms, closed arms and central quadrant was recorded and analyzed by Ethovision XT tracking software (Noldus Information Technology, Leesburg, VA, USA). At the conclusion of each test, the elevated plus maze was wiped clean with a 10% ethanol solution to remove urine and scent.
Statistics
Biochemical analysis of the effects of chronic stress on various parameters of the eCB system was analyzed using an independent t-test. Anxiety-like behavior, dendritic length and branch points as well as dendritic spine counts were all analyzed using a two-way analysis of variance, with stress and genotype as fixed factors. Bonferroni post hoc tests were used to determine specific differences between experimental groups. Data generated from segmental analyses of dendritic branches were analyzed using a repeated measure analysis of variance, with distance from soma acting as a within-subject factor and stress and genotype acting as between-subject factors. Corrected Bonferroni post hoc tests were used to determine specific differences between experimental groups at different segments from the soma. Significance for all tests was established at a Po0.05. All data presented in the figures is listed as mean values±s.e.
RESULTS
Chronic stress increases FAAH activity and reduces N-acylethanolamine contents in the amygdala In the first set of studies, we examined the effects of chronic stress on FAAH activity and N-acylethanolamine contents in the amygdala. Previous studies have demonstrated a complete loss of AEA hydrolysis by membranes isolated from FAAH-null mice. 48 Therefore, AEA hydrolysis is used as an assay of FAAH activity. Chronic stress was found to result in a significant increase in the V max for FAAH to hydrolyze AEA in membranes isolated from the amygdala of stressed mice compared with nonstressed controls (t (6) ¼ 2.73, Po0.04; Figure 1 ). Stress exposure had no significant effect on the K m of AEA for FAAH (t (6) ¼ 0.52, P40.05; Figure 1) . Consistent with the increase in maximal FAAH activity within the stress-exposed amygdala, there was a significant reduction in the tissue content of AEA within the amygdala following chronic stress (t (17) ¼ 2.96, Po0.01; Figure 1 ), as well as a reduction in the tissue content of both palmitoylethanolamide (t (17) ¼ 2.33, Po0.04; control: 142.0 ± 7.1 vs chronic stress 117.2 ± 8.1 pmol g À1 tissue) Figure 1 . Characterization of the amygdalar endocannabinoid system following chronic stress. Exposure of C57/Bl6 mice to chronic stress (21 days of 6 h day À1 restraint stress) increased (a) the maximal velocity (V max ) of anandamide (AEA) hydrolysis by fatty acid amide hydrolase (FAAH) within the amygdala, although there was no difference in the (b) binding affinity of AEA for FAAH (K m ). Consistent with this increase in FAAH activity, chronic stress resulted in a reduction in the (c) tissue levels of the endocannabinoid AEA within the amygdala; there was, however, no effect of chronic stress on (d) amygdalar 2-arachidonoylglycerol (2-AG). There was no effect of chronic stress on either (e) the maximal binding site density (B max ) or (f ) the binding affinity (K d ) of the cannabinoid CB 1 receptor within the amygdala. Data are presented as means ± s.e.m. Asterisk denotes significant differences (Po0.05) between control and chronically stressed mice.
and oleoylethanolamide (OEA; t (17) ¼ 2.52, Po0.03; control 88.8 ± 5.9 vs chronic stress 67.8 ± 5.9 pmol g À1 tissue), N-acylethanolamines that are metabolized by FAAH but do not activate CB 1 receptors. There was no effect of chronic stress on the tissue content of the other eCB, 2-AG (t (17) ¼ 0.79, P40.05; Figure 1 ). There was no difference in either the binding site density (t (6) ¼ 0.25, P40.05; Figure 1 ) or the binding affinity of the CB 1 receptor agonist CP55,940 for the cannabinoid CB 1 receptor within the amygdala between the control and chronically stressed groups (t (6) ¼ 0.47, P40.05; Figure 1 ).
FAAH
À/À mice do not exhibit changes in anxiety-like behavior or structural remodeling in the amygdala following chronic stress To determine whether the increase in FAAH activity and reduction in N-acylethanolamine content within the amygdala contribute to structural and functional changes that occur in response to chronic stress, we utilized mice in which the gene for FAAH has been eliminated (FAAH À/À ; 45 ). Our rationale for this study is that if a change in FAAH activity is required for an effect of chronic stress, then chronic stress will not produce that particular effect in FAAH À/À mice. Our hypothesis predicts that chronic stress will not affect AEA concentrations in the amygdala in the absence of FAAH. We tested this prediction in the groups of wild-type and FAAH À/À mice that were unstressed or exposed to chronic stress. As expected, there was a highly significant main effect of genotype (F (1, 16) Table 1 ). We were concerned that the effect of genotype on AEA concentration was so large that it might mask a relatively small effect of stress. Therefore, we calculated the ratio of AEA concentrations in stressed to unstressed mice in each genotype, then compared the ratios using an unpaired t-test. This analysis revealed a significant difference in the ratio of AEA content within the amygdala in wild-type mice vs FAAH À/À mice in response to chronic stress (t (9) ¼ 3.49, Po0.01). In particular, the stressed wild-type mice exhibited a 38.1 (±6.8)% decrease in AEA content in the amygdala in response to chronic stress, while FAAH À/À mice exhibited a 2.0 ( ± 8.7)% increase in AEA content in the amygdala in response to chronic stress. With respect to amygdala 2-AG content, the interaction between stress and genotype was not significant (F (1, 16) There was a significant interaction between stress exposure and genotype with respect to total dendritic length of pyramidal neurons within the BLA (F (1, 102) ¼ 8.53, Po0.005; Figure 2) . Post-hoc analysis revealed that in wild-type mice, chronic stress resulted in a significant increase in dendritic length of BLA pyramidal neurons (Po0.05); there was, no difference in dendritic length of BLA neurons between non-stressed and chronically stressed FAAH À/À mice (P40.05). There was also no difference in dendritic length between non-stressed wild-type or FAAH À/À mice (P40.05), but chronically stressed FAAH À/À mice had significantly less dendritic material than chronically stressed wild-type mice (Po0.05).
There was a significant interaction between stress exposure and genotype on the branch points of pyramidal neurons in the BLA (F (1, 102) ¼ 4.344, Po0.04; Figure 2 ). Post-hoc analyses demonstrated that chronically stressed, wild-type mice exhibited an increase in branch points along the dendritic trees of BLA pyramidal neurons, compared with non-stressed wild-type mice (Po0.05). There was no difference in the number of dendritic tree branch points of BLA neurons between non-stressed and stressed FAAH À/À mice (P40.05), nor between non-stressed wildtype and FAAH À/À mice (P40.05). However, chronically stressed, FAAH À/À mice exhibited significantly less dendritic branching than chronically stressed, wild-type mice (Po0.05). These data demonstrate that FAAH À/À mice do not exhibit an expansion in dendritic arborization following chronic stress.
To further analyze the role of FAAH in stress-induced morphological changes in BLA pyramidal neurons, we examined the effect of chronic stress on BLA pyramidal neuron dendritic spines. This analysis was restricted to the first secondary dendritic branch on pyramidal neurons in the BLA (see Figure 3 for representative illustration), as spines along this dendritic branch exhibit changes in response to chronic stress and their number correlates with changes in anxiety-like behavior. 24, 26, 30 Analysis revealed that there was an interaction between stress exposure and genotype in determining the number of spines along the secondary dendritic arbor on pyramidal neurons of the BLA (F (1, 107) ¼ 5.74, Po0.02; Figure 3) . Post-hoc analysis demonstrated that chronic stress increased dendritic spine number in wild-type mice relative to their non-stressed counterparts (Po0.001). There was no effect of chronic stress on dendritic spines in FAAH À/À mice relative to non-stressed FAAH À/À mice (P40.05). The number of dendritic spines was not different in chronically stressed, FAAH À/À mice and non-stressed, wild-type mice (P40.05). However, the number of dendritic spines was significantly less in chronically stressed, FAAH À/À mice than in chronically stressed, wild-type mice (Po0.05).
To further investigate the spatial changes in dendritic spinogenesis along the dendritic branch, we performed a segmental analysis of the secondary branch to determine where the changes in dendritic spines were occurring. Analyses revealed a significant interaction among stress, genotype and distance along the dendritic branch on spine density (F (12, 428) ¼ 2.59, Po0.005; Figure 3 ). Subsequent analysis of treatment conditions by distance along the dendritic branch revealed that in wild-type mice, chronic stress resulted in an increase in dendritic spines at more distal regions of dendritic branch (Po0.001; at segments which were 60--80 and 80--100 mm distance from origin of branch). There were no differences in dendritic spines at any segment along the dendritic branch between non-stressed and chronically stressed FAAH À/À mice (P40.05), or between wild-type and FAAH À/À mice that were not stressed (P40.05). FAAH À/À mice exposed to chronic stress exhibited far fewer dendritic spines than their chronically stressed wild-type counterparts at multiple segments along the dendritic branch (Po0.01 at segments which were 0--20, 60--80 and 80--100 mm from the origin of the branch).
To identify whether these structural changes in pyramidal neurons of the BLA were associated with concomitant changes in emotional behavior, we examined the effects of chronic stress on anxiety-like behavior in the elevated plus maze of wild-type and FAAH À/À mice. Consistent with the effects on neuronal morphology, there was a significant interaction between stress and genotype on percentage of time mice spent in the open arms of the elevated plus maze (F (1, 16) ¼ 4.61, Po0.05; Figure 4) . Posthoc analyses demonstrated that wild-type mice exposed to chronic stress exhibit a lower percentage of time spent in the open arm relative to all other groups (Po0.05 for all comparisons). There was no significant difference between non-stressed wildtype and FAAH À/À mice in percent time spent in the open arm (P40.05). Regarding closed arm entries, although there was no significant interaction between genotype and stress (F (1, 16) ¼ 0.23, P40.05; data not shown), there was a significant main effect of stress (F (1, 16) ¼ 9.40, Po0.01; data not shown), such that chronic stress exposure increased closed arm entries, regardless of genotype. As these data could be explained as an effect of chronic stress to affect locomotor activity rather than anxiety-like behaviors, we examined open arm entries as a percent of total entries. There was a significant interaction between stress and genotype on percent of entries into the open arm (F (1, 16) ¼ 4.95, Po0.05; Figure 4 ), such that chronically stressed, wildtype mice exhibited a significantly lower percentage of entries made into the open arm than all other treatment conditions (Po0.05). There was no significant difference between nonstressed wild-type and FAAH À/À mice in this measure (P40.05). To verify that the effects seen in the elevated plus maze were not confounded by differences in locomotor function, we examined the effects of chronic stress on motor activity in an open field arena (Table 2 ). There was no significant interaction between genotype and stress (F (1, 13) Pharmacological inhibition of FAAH similarly confers an antianxiety phenotype in rats exposed to chronic stress The aim of this arm of the study was to verify that inhibition of FAAH itself, and not a neurodevelopmental compensation that , had no effect on locomotor activity in an open field arena. Data are presented as mean values ± s.e.m. (n ¼ 4--6/condition).
Chronic stress, FAAH and anxiety MN Hill et al could have developed in the FAAH À/À mice, was the principal factor in preventing the development of anxiety-like behaviour following chronic stress. It was also necessary to show that FAAH inhibition in adult life had similar effects to the knockout in another species, and we thus used rats. To this extent, rats were exposed to normal chow, or chow in which the FAAH inhibitor JNJ-5003 was incorporated at a dose of 50 mg per kg per day for 21 days. Both of these treatment conditions were then divided into cage controls and those exposed to 21 days of 6h day À1 restraint stress, in line with the protocol used in the FAAH À/À mice. Consistent with the behavioral data generated in the FAAH À/À mice, there was a significant interaction between stress and FAAH inhibition on time spent in the open arms of the elevated plus maze (F (1, 26) ¼ 4.63, Po0.05; Table 3 ). Post-hoc analyses demonstrated that normal chow-fed rats exposed to chronic stress exhibit a lower amount of time spent in the open arm relative to all other groups (Po0.05 for all comparisons), demonstrating a protective effect of JNJ-5003 administration in the rat chow during chronic stress on changes in anxiety-like behavior. As another measure of anxiety, we also examined the latency for the rats to enter the open arm, with longer latencies associating with higher levels of anxiety. In this measure, no significant interaction was found between stress exposure and treatment with JNJ-5003 (F (1, 26) ¼ 2.032, P40.05; Table 3 ). However, based on the data generated with the FAAH À/À mice demonstrating a resistance to the effects of chronic stress, our a priori hypothesis was that the FAAH inhibitor would abrogate the effects of chronic stress on anxiety. Using this hypothesis to guide our analysis, we compared all of the treatment conditions with a Bonferroni test and found that normal chow-fed rats exposed to chronic stress exhibited a significant increase in latency to enter the open arms relative to normal chow-fed, non-stressed rats (Po0.01). Consistent with our previous findings, there was no difference between chronically stressed rats treated with JNJ-5003 in their chow vs normal chowfed, non-stressed rats (P40.01), indicating that administration of the FAAH inhibitor in the rat chow during chronic stress prevented stress-induced changes in anxiety-like behavior.
DISCUSSION
In this study, we demonstrated that exposure of mice to chronic stress resulted in an increase in the V max of AEA hydrolysis in the amygdala. As previous studies have demonstrated that the enzyme FAAH is the only mechanism in brain for AEA hydrolysis, 45 these data indicate that the hydrolytic activity of FAAH within the amygdala is increased by chronic stress. The amygdala of mice exposed to chronic stress also had significantly reduced amygdalar contents of AEA and related fatty acid amides, which is consistent with increased FAAH activity; further support for this hypothesis comes from the finding that AEA contents in FAAH À/À mice were not affected by chronic stress. Chronic stress exposure neither affected the amygdalar content of 2-AG nor altered the agonist binding parameters to the CB 1 receptor in the amygdala. Chronic stress-induced increase in FAAH activity within the amygdala likely contributes to stress-induced morphological alterations within pyramidal neurons in the BLA and increases in anxiety-like behaviors, as mice lacking FAAH expression did not exhibit either of these changes following chronic stress. Similarly, rats treated orally with JNJ-5003, a pharmacological inhibitor of FAAH, during exposure to chronic stress did not develop any significant increases in anxiety-like behavior, consistent with the data obtained using the FAAH À/À mice. These data identify FAAH as a contributor to stress-induced neuronal plasticity within the amygdala and emotional behavior and support the potential therapeutic value of FAAH inhibitors in the context of stressrelated anxiety disorders. The determination of whether the loss of FAAH activity can confer resilience against other aspects of chronic stress, including structural remodeling in other brain areas such as the prefrontal cortex or hippocampus, has yet to be determined, but is a focus of future research for our group.
The finding that exposure to chronic stress resulted in an increase in dendritic arborization, as well as spinogenesis, of pyramidal neurons in the BLA is consistent with previous reports. 22--24,26,30,49,50 The mechanism by which stress produces these changes is not completely clear. The predominant hypothesis is that the increase in excitatory transmission within the amygdala that occurs in response to stress engages a feed-forward process, which induces spinogenesis and dendritic branching on pyramidal neurons, possibly through increased intracellular calcium signaling and the activation of transduction cascades, which induce cytoskeletal remodeling. 22, 24, 26 This hypothesis is supported by findings that mice deficient in the type 2A (NR2A) subunit of the N-methyl-D-aspartate (NMDA) receptor have reduced pyramidal neuronal dendritic spines in the BLA under steady-state conditions. 57 Similarly, genetic overexpression of the type 2 small conductance calcium-activated potassium channel in pyramidal neurons of the BLA, which reduces the intrinsic excitability of these neurons, decreases dendritic arborization in both control and stressed rodents. 28 These studies lead to the hypothesis that the dendritic complexity of pyramidal neurons in the BLA is positively regulated by excitation and the structural remodeling of pyramidal dendritic spines following chronic stress is a direct consequence of increased excitatory transmission.
The present results demonstrate that chronic stress results in increased activity of FAAH and that loss of FAAH activity prevented the neuronal remodeling of BLA pyramidal neurons in response to chronic stress. An explanation of these findings is that increased FAAH activity in response to chronic stress couples the effects of stress to increased excitatory neurotransmission in the BLA. FAAH is known to regulate the metabolism of multiple fatty acid ethanolamides, such as AEA, OEA and palmitoylethanolamide. All of these molecules are elevated in FAAH À/À mice 48 and reduced following chronic stress, suggesting that any of these could mediate the ability of FAAH activity to couple stress to neuronal plasticity within the amygdala. Outside of one recent report demonstrating that peripheral OEA signaling can influence amygdalar function through a regulation of autonomic fibers and noradrenergic transmission through the nucleus of the solitary tract, 58 there is no evidence of a functional role of palmitoylethanolamide or OEA signaling within the amygdala. However, the ) to rats fed normal rat chow (control) increased indices of anxiety in the elevated plus maze (time spent in the open arm and latency to enter the open arm). The fatty acid amide hydrolase inhibitor JNJ-5003 was incorporated into the diet and this was fed to rats for the 21-day duration of the chronic stress regimen, resulting in an estimated dose of 50 mg per kg per day. Administration of JNJ-5003 during chronic stress mitigated the increased indices of anxiety seen in the rats fed control chow. Data are presented as mean values±s.e.m. (n ¼ 7--8/ condition). *denotes significant differences (Po0.05) between chronically stressed rats fed normal chow and all other treatment conditions. w denotes significant difference (Po0.05) between chronically stress rats fed normal chow and unstressed rats fed normal chow.
possibility exists that the ability of FAAH activity to modulate the effects of chronic stress on amygdalar function may involve changes in peripheral OEA concentrations.
AEA, which is an eCB and is also a substrate of FAAH, has been demonstrated to have significant effects within the amygdala. AEA, via activation of the CB 1 cannabinoid receptor, inhibits the release of both GABA and glutamate within the BLA. 39, 42 Interestingly, despite the presence of CB 1 receptors on both GABAergic and glutamatergic populations, 31 there is some evidence that endogenous AEA signaling could preferentially target CB 1 receptors localized on glutamatergic terminals. 59--62 Within the BLA, FAAH expression is restricted to pyramidal neurons 63 and CB 1 receptors are known to gate excitatory inputs to pyramidal cells. 40, 42, 64, 65 Thus, FAAH activity could modulate presynaptic glutamate release onto pyramidal neurons through the regulation of AEA, which, in turn, would regulate CB 1 receptor activation. We hypothesize that chronic stress increases FAAH activity, resulting in a reduction of the ability of AEA to gate excitatory inputs to BLA pyramidal neurons, resulting in disinhibition of glutamate release within the BLA that promotes dendritic remodeling and shifts in emotional behavior.
Consistent with the increased complexity and architecture of pyramidal neurons in the BLA, chronic stress also increased indices of anxiety in the elevated plus maze. Anxiety-like behavior can result from direct changes in the excitability of the BLA. Local disruption of GABAergic signaling within the BLA can produce an increased state of anxiety in rodents, and pharmacological suppression of excitation within the BLA reliably produces a state of anxiolysis (see Shekhar et al. 5 ). The increase in dendritic complexity and spinogenesis following chronic stress is believed to result in a robust increase in excitatory synaptic contacts along pyramidal neurons in the BLA, 24 rendering them exquisitely sensitive to excitation. This shift in excitatory sensitivity of the BLA following chronic stress is thought to favor a state of hypervigilance and heightened sensitivity to environmental stimuli that manifests as anxiety. 5, 8 In line with the ability of FAAH deletion to prevent dendritic expansion and spinogenesis following chronic stress, FAAH knockout mice did not develop stress-induced anxiety. Interestingly, several previous reports have demonstrated that the ability of FAAH inhibition to modulate emotional behavior is entirely dependent upon the aversive nature of the environmental context. 60,66--71 That is, disruption of FAAH activity has little to no effect on anxiety-like behavior in conditions of low aversion, such as in low-light testing or in familiar environments. 66, 67 Our current data support this, as we did not detect any difference in anxiety-like behavior in non-stressed FAAH knockout mice under our testing conditions (low-light conditions in a familiar testing environment). However, pharmacological or genetic disruption of FAAH can produce a reliable reduction in anxiety-like behavior in aversive environments. 60,66--68,71 Similarly, we reveal the anxiolytic phenotype of the FAAH-deficient mice after exposure to chronic stress, wherein wild-type mice develop a characteristic increase in anxiety-like behavior that is absent in the FAAH knockout mice. As such, it has previously been hypothesized that FAAH inhibition may not produce generalized anxiolytic effects, as other agents such as benzodiazepines do, but simply counter stress-induced anxiety. 66, 67, 72 The current data provide the first experimental evidence to support this contention by directly demonstrating that a loss of FAAH activity can prevent stress-induced anxiety.
Based on the ability of FAAH inhibition to selectively modulate emotional behavior in highly aversive contexts, and the fact that stress exposure can increase FAAH activity, we propose the following model. Exposure to stress produces a rapid induction of FAAH activity within the amygdala, which results in a reduction in AEA signaling. This loss of AEA signaling disinhibits glutamatergic release within the BLA and increases the firing activity and sensitivity of pyramidal neurons, resulting in an increase in anxiety and vigilance. In the short term, this shift in behavioral anxiety and arousal is likely an adaptive response to ensure survival in a threatening environment, and is transient in nature, returning to normative function once the threat is removed. Under conditions of chronic stress, however, it appears that the steady-state activity of FAAH goes up, resulting in a loss of tonic AEA signaling. Over time, this reduction in AEA signaling results in a progressive excitation of the BLA, which then engages a feed-forward response and promotes dendritic expansion and spinogenesis. These morphological changes in pyramidal neurons within the BLA would render them more sensitive to stimuli and thus increasing the basal anxiety state of the organism. Thus, stressinduced FAAH activity regulates anxiety in response to both acute and chronic stress through related, but possibly distinct pathways. That is, in the short term, FAAH inhibition counters stress-induced anxiety, possibly by preventing an increase in glutamatergic transmission and excitation within the BLA. Under conditions of chronic stress, however, a continuous disruption of FAAH activity may prevent stress-induced anxiety by suppressing the architectural remodeling, which occurs in pyramidal neurons of the BLA, possibly through an attenuation of excitatory transmission.
We did not demonstrate directly that the effects of FAAH are mediated by changes in CB 1 receptor activity. However, data that CB 1 receptor-deficient mice exhibit the opposite phenotype (increased anxiety and dendritic branching in the BLA under non-stress conditions and a further increase in branching following chronic stress 50 ), and that the ability of FAAH inhibition to reduce stress-induced anxiety is blocked by CB 1 receptor antagonism 66 support this contention. We were not able to examine whether the effects seen in the FAAH À/À mice were reversible by CB 1 receptor antagonist administration due to the stressful nature of chronic injections. Specifically, it has previously been demonstrated that repeated injections are sufficiently stress inducing to reduce limbic AEA content (Amen and Hillard, unpublished data) and induce dendritic hypertrophy within pyramidal neurons of the BLA. 29 As such, the possibility exists that these effects could be due to either a non-CB 1 receptor target of AEA (such as TRPV1 (transient receptor potential vanilloid type-1 channel); 73 or a non-AEA fatty acid ethanolamide substrate of FAAH (such as OEA or palmitoylethanolamide, as discussed above).
A very important open question is whether comparable changes in FAAH activity and AEA signaling also occur in humans exposed to chronic stress. There is circumstantial evidence to support a role for FAAH in stress-induced anxiety in humans. First, we have previously demonstrated that anxiety levels in individuals with major depression are inversely correlated to circulating levels of AEA, such that people with low levels of circulating AEA exhibit much higher levels of both cognitive and somatic anxiety. 74 Second, carriers of the 385A polymorphism of FAAH, which reduces enzyme activity through increased proteolytic degradation and increases levels of AEA, 75 exhibit a blunted activation of the amygdala in response to threatening stimuli, 76 which is consistent with the hypothesis that reduced FAAH activity suppresses excitation of the amygdala.
In summary, these data indicate that FAAH activity and AEA signaling within the amygdala are important modulators of stressinduced anxiety and structural plasticity. Further, these data highlight FAAH inhibition as a promising target for anxiety disorders, especially those involving hyperactivation of the amygdala, such as posttraumatic stress disorder or generalized anxiety disorder. 77, 78 
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